Cryptococcus neoformans isolates that exhibited unusual patterns of resistance to fluconazole and voriconazole were isolated from seven isolates from two different geographical regions: one isolate from an Israeli non-AIDS patient and six serial isolates from an Italian AIDS patient who had suffered six recurrent episodes of cryptococcal meningitis. Each isolate produced cultures with heterogeneous compositions in which most of the cells were susceptible, but cells highly resistant to fluconazole (MICs, >64 g/ml) were recovered at a variable frequency (7 ؋ 10 ؊3 to 4.6 ؋ 10 ؊2 ). Evidence showed that this type of resistance is innate and is unrelated to drug exposure since the Israeli patient had never been treated with azoles or any other antimycotic agents. Analysis of clonal subpopulations of these two strains showed that they exhibited heterogeneous patterns of resistance. The number of subpopulations which grew on fluconazole or voriconazole agar declined progressively with increasing azole concentration without a sharp cutoff point. For the Italian serial isolates, the number of clonal populations resistant to fluconazole (64 g/ml) and voriconazole (1 g/ml) increased steadily, yielding the highest number for the isolate from the last episode. Attempts to purify a sensitive subpopulation failed, but clones highly resistant to fluconazole (100 g/ml) and moderately resistant to voriconazole (1 g/ml) always produced a homogeneous population of resistant cells. Upon maintenance on drug-free medium, however, the majority of the homogeneously resistant cells of these subclones lost their resistance and returned to the stable initial heteroresistant phenotype. The pattern of heteroresistance was not affected by the pH or osmolarity of the medium but was influenced by temperature. The resistance appeared to be suppressed at 35°C and was completely abolished at 40°C. Although heterogeneity in azole resistance among subpopulations of single isolates has been reported for Candida species, the transient changes in expression of resistance under different growth conditions reported here have not been observed in fungal pathogens.
Cryptococcosis, which is caused by the basidiomycetous yeast Cryptococcus neoformans, is one of the most serious mycoses that primarily affects immunocompromised patients, in particular, those with AIDS (14) . Following induction therapy for the treatment of cryptococcosis, the infection is managed by lifelong maintenance therapy to prevent recurrences. Fluconazole has been the most widely used antifungal agent for maintenance therapy for this disease. Recurrences of cryptococcal meningitis during maintenance therapy have not been uncommon in AIDS patients, and most of these recurrences were known to be due to persistence of the original infecting strains rather than reinfection with a new cryptococcal strain (4, 6, 28) . The MICs for serial isolates from AIDS patients experiencing persistent cryptococcosis generally did not change significantly, and strains resistant to antimycotic agents were infrequently isolated from these patients during episodes of recurrent cryptococcal meningitis (4, 6, 35) . In vitro assays have shown that voriconazole (UK-109,496; a fluconazole-derived new triazole) is more potent than fluconazole against C. neoformans and that strains resistant to fluconazole are generally susceptible to voriconazole (20) . Recent biochemical studies have suggested that there may be at least two mechanisms of triazole tolerance in clinical isolates of C. neoformans: alterations in the susceptibility of the target enzyme (cytochrome P-450-dependent 14-␣-sterol demethylase) to fluconazole and decreases in the cellular content of fluconazole (32) . The genetic basis of these mechanisms, however, is unknown in C. neoformans.
We have investigated the resistance to fluconazole and voriconazole of clonal subpopulations of seven C. neoformans isolates from two geographical regions: six isolates from an Italian AIDS patient who suffered from six recurrent episodes of meningitis and one isolate from a non-AIDS patient who was living in Israel and who had never been exposed to any antimycotic agents. The patterns of fluconazole and voriconazole resistance in these isolates are reminiscent of the pattern of methicillin heteroresistance reported in Staphylococcus aureus and have not been reported in fungal pathogens.
MATERIALS AND METHODS

Microorganisms.
Seven clinical isolates of C. neoformans were obtained from two different geographical locations (Table 1): six serial isolates (isolates B-4539,  B-4540, B-4541, B-4542, B-4543, and B-4544) were from a 35-year-old male AIDS patient in Italy (patient A) and one (isolate B-4548) was from a 32-yearold human immunodeficiency virus-negative patient in Israel (patient B) who had never been treated with antimycotic agents (21) . The antimycotic therapy received by these patients at the time of C. neoformans isolation is summarized in Table 1 . A susceptible laboratory strain, strain B-4476, was used as the control.
Antifungal agents. Fluconazole, itraconazole, and voriconazole (UK-109,496) were provided as powders by Pfizer Central Research (Groton, Conn.). Stock azole solutions were prepared in the solvent dimethyl sulfoxide at concentrations of 50, 20, and 2.5 mg/ml for fluconazole, itraconazole, and voriconazole, respectively.
Strain typing. An Iatron Crypto-check test kit was used to identify the serotypes of the isolates. Isolates were crossed with the reference strains B-4476 (MATa) and B-4500 (MAT␣) on V8 juice agar and were incubated at 30°C to determine their mating types. Strain genotyping was performed by contourclamped homogeneous electric field analysis (30) as well as randomly amplified polymorphic DNA (RAPD) analysis (29) . Genomic DNA was isolated from cells grown overnight at 30°C in 5 ml of yeast extract-peptone-dextrose (YEPD) broth. The cells were lyophilized for 2 h and were pulverized with 1 ml of glass beads (diameter, 3 mm) in a disposable 15-ml tube. Two milliliters of extraction buffer (100 mM Tris-HCl [pH 7.5], 0.7 M NaCl, 10 mM EDTA, 1% [wt/vol], CTAB [mixed alkyltrimethylammonium bromide; Sigma], 1% [vol/vol] ␤-mercaptoethanol, 0.3 mg of proteinase K per ml) was added, and the suspension was incubated at 65°C for 30 min. The DNA was extracted with 2 ml of chloroform and was precipitated with 2 ml of 2-propanol. After incubation with 50 g of RNase A (Boehringer) per ml at 37°C for 30 min, the DNA was finally extracted with phenol and chloroform and was reprecipitated in ethanol. The primers used for RAPD analysis were primer 1 (5Ј-GCGATCCCCA-3Ј) and primer 2 (5Ј-AAC GCGCAAC-3Ј) (29) .
Susceptibility testing. The susceptibilities of the strains to amphotericin B, fluconazole, and itraconazole were initially compared by the E test (AB BIODISK, Solna, Sweden) with solidified (1.5% agar) RPMI 1640-2% glucose medium, and the strains were incubated at 35°C for 48 h. Susceptibility to itraconazole and fluconazole was tested by the M27-A microdilution method as recommended by the National Committee for Clinical Laboratory Standards (19) . Briefly, 10 4 cells were inoculated in yeast nitrogen base (YNB; Difco, Detroit, Mich.) with glucose (5 g/liter) broth buffered to pH 7.0 with 0.05 M morpholinepropanesulfonic acid (MOPS) and were incubated at 35°C for 72 h (11) . Agar dilution screening was also performed as described by Kirkpatrick et al. (13) to determine susceptibility to fluconazole.
Resistance of clonal populations. A single colony from the growth of each isolate was suspended in phosphate-buffered saline, and the suspension was plated on Sabouraud modified antibiotic medium 13 agar medium (BBL, Cockeysville, Md.) with various concentrations of fluconazole or voriconazole. For each concentration, about 900 cells were inoculated onto three plates. The number of colonies that grew on plates containing fluconazole or voriconazole at 30°C for 72 h was compared with the number that grew on plates without the drug.
Environmental influence. The environmental influence on expression of resistance was analyzed by using Sabouraud modified antibiotic medium 13 agar medium containing fluconazole (64 g/ml) or voriconazole (1 g/ml) with various pHs (4.5 to 8) and osmolarities (NaCl, 0.5 to 5%). The influence of temperature was studied with temperatures of 30, 35, 37, and 40°C. , and B-4548 R , respectively, were transferred daily (0.05 ml of culture) into 5 ml of fresh drugfree Sabouraud modified antibiotic medium 13 (BBL), at 30 and 37°C. The proportion of subpopulations resistant to fluconazole (64 g/ml) was determined periodically.
RESULTS
In vitro susceptibility. The susceptibilities of the isolates were first determined against the various antifungal agents that have been used for therapy. The first three isolates (isolates B-4539, B-4540, and B-4541) from patient A were determined to be susceptible to amphotericin B and itraconazole by the E test (Table 2 ). Although the halos that formed around the fluconazole E-test strips were not clear-cut and a number of colonies appeared throughout the zone of inhibition, growth in the majority of the cells was inhibited by fluconazole at 6 to 16 g/ml ( Table 2 ). The isolates obtained from subsequent episodes (fourth to sixth episodes) showed increased levels of resistance to fluconazole (MICs, Ն64 g/ml) but not to amphotericin B or itraconazole, despite the absence of fluconazole from the therapeutic regimen beyond the third episode (Tables 1 and 2 ). When fluconazole susceptibility was assayed by the microdilution method or agar dilution screening, the cutoff points showed no correlation with the E-test results, but a trend for the stepwise reduction of susceptibility to be inversely related to the concentration of the drug was evident by each method ( Table 2 ). The strain isolated from patient B exhibited resistance to fluconazole (48 g/ml), despite the absence of any azole therapy (Table 1 and 2). The zone of inhibition for this isolate was also not clearly demarcated, with clonal populations of the isolate exhibiting heterogeneous expression of resistance. Unlike the isolates from patient A, the isolate from patient B was resistant to itraconazole (Table 2) , with no evidence of heterogeneity. The E test showed sharp MIC endpoints.
Strain typing. All six isolates from patient A were determined to be of serotype D and of the ␣ mating type, and they had identical karyotypes (data not shown). The identities of these isolates were further confirmed by RAPD analysis with two different primers. DNAs from the six isolates from patient A obtained by amplification with primer 1 had identical RAPD patterns which were different from the pattern produced with DNA from the isolate from patient B as well as two isogenic laboratory strains, strains B-4500 and B-4476 (Fig. 1) . The RAPD profiles generated with primer 2 also confirmed the identities of these six isolates from patient A (data not shown). The isolate from patient B was of serotype A and of the ␣ mating type.
Heteroresistant phenotype. Since heterogeneity in fluconazole resistance among clonal subpopulations of the isolates from patients A and B was evident by the E test, the viabilities of such clonal populations grown in the presence of different concentrations of fluconazole (0 to 100 g/ml; Fig. 2a and c) were determined by using Sabouraud modified antibiotic medium 13 (BBL) at 30°C. Although the patients were not treated with voriconazole, the presence of heteroresistance to this triazole was also studied with different concentrations (0 to 1 g/ml; Fig. 2b and d) .
A single clone of each of the six isolates from patient A, selected at random from among colonies of isolates grown on nonselective medium, showed a heterogeneous composition in which most of the cells were susceptible but in which some resistant cells were observed with Ն64 g of fluconazole per ml (Fig. 2a ) and 1 g of voriconazole per ml (Fig. 2b) . The frequency of such resistant clonal populations was highest for the last of the serial isolates. Subpopulations resistant to fluconazole (selected on 64 g/ml) accounted for less than 1% of isolates from the first episode, while the proportion of such populations increased to about 4.6% among isolates from the last episode (Table 2 ). The proportion of populations of these serial isolates resistant to voriconazole (1 g/ml) also increased ( Table 2 ). Additional subpopulations of clones randomly selected from isolates from each episode also showed similar proportions of resistance.
While patient B had never been exposed to fluconazole, 0.8 and 0.3% of the clonal populations were able to grow on fluconazole (100 g/ml) and voriconazole (1 g/ml), respectively ( Fig. 2c and d, respectively) .
A serotype D reference strain, strain B-4476, which was used as a control, showed clear cutoff points: no growth in the presence of 16 g of fluconazole per ml or 0.25 g of voriconazole per ml (Fig. 2) .
Clonal subpopulations inoculated onto different media such as YEPD, YNB, and Sabouraud agar showed no differences in the patterns or frequencies of resistance.
Resistant clones. Single colonies grown on medium with 64 g of fluconazole per ml or 1 g of voriconazole per ml contained a homogeneous population of resistant cells. Regardless of whether they were isolated from the first or the last episode from patient A or patient B, nearly 100% were able to grow on 64 g of fluconazole per ml or 1 g of voriconazole per ml at 30°C (Table 3) . These clones could tolerate concentrations of up to 400 g of fluconazole per ml and 2 g of voriconazole per ml. Stability of resistance in vitro. The initial heteroresistant phenotype was regenerated when the clonal cultures homogeneously resistant to Ն64 g of fluconazole per ml were transferred daily on drug-free medium for a prolonged period (Fig.  3) . The homogeneous resistance was lost at rates that were characteristic for each isolate and that were also dependent on the growth temperature. The highly resistant clones from patient A, B-4539 R (from the first episode) and B-4544 R (from the sixth episode), showed an abrupt loss of resistance by the 10th and 27th transfers on drug-free medium at 30°C (Fig. 3) and by the 2nd and 14th transfers at 37°C (data not shown), respectively. Isolate B-4548 R (patient B) reverted to the initial heteroresistance phenotype after only one transfer at 30°C (Fig. 3) .
The original basal level of resistant subpopulations, however, persisted even after 35 transfers. Daily transfers (total 35 days) of the isolates from the first and sixth episodes on drugfree medium also showed no significant changes in the maintenance of the initial proportion of the subpopulations that were able to form colonies on 64 g of fluconazole per ml (0.72 to 4.7%) (Fig. 3) .
Environmental influence. Expression of resistance was found to be unaffected by other environmental factors such as the pH (4.5 to 8) or osmolarity (NaCl, 0.5 to 5%) of the medium (data not shown) but was found to be influenced by incubation temperature (Table 3 ). The growth rates of resistant clones B-4539 R and B-4544 R were substantially slower on medium with fluconazole (64 g/ml) at 37°C, and the clones became completely susceptible when they were incubated at 40°C. The effect of temperature on the expression of flucon- medium, while no growth was seen at 37°C. On voriconazolecontaining agar, the resistant clones were more thermosensitive. The proportions of resistant subpopulations of B-4539 R , B-4544 R , and B-4548 R decreased significantly at 35°C, and all became sensitive when they were grown at 37°C (Table 3) .
DISCUSSION
Drug resistance in eukaryotic cells apparently evolved gradually over time via several mechanisms such as reduction in uptake, degradation of imported drug, changes in the interaction with the target enzyme, and increased efflux of the drug (17, 33) . Although the mechanisms of azole resistance have not been clearly defined in C. neoformans, it is thought that exposure to the drug triggers the development of resistance. The emergence of fluconazole resistance during long-term therapy has been reported in a few isolated cases of AIDS-associated cryptococcal meningitis (1-4, 22) . Moreover, in a murine model of cryptococcal meningitis, Velez et al. (31) demonstrated a correlation between the in vitro susceptibility of a strain and the in vivo response to fluconazole. Other studies based on serial C. neoformans isolates from 124 AIDS patients, however, found no evidence of such emerging resistance (4, 6, 35) . The development of heteroresistance to fluconazole described here appears to be unrelated to drug exposure, since the proportion of highly resistant subpopulations beyond the third episode (patient A) steadily increased, even though the patients had not been on fluconazole maintenance therapy. Although the itraconazole maintenance therapy in patient A could have been involved in the occurrence of the fluconazoleheteroresistant strain, it is unlikely since resistance to itraconazole was not observed in these isolates. The possibility that a resistant clone would be selected during fluconazole treatment prior to the onset of cryptococcosis in patient A does not explain the isolation of a highly resistant strain from patient B who has never been exposed to fluconazole. What distinguishes the pattern observed in our strains from the patterns of other resistant strains of C. neoformans is that a single cell produces progeny with a wide range of fluconazole or voriconazole susceptibilities and purification of a sensitive subpopulation is not possible by repeated subcloning. Furthermore, clones consisting of homogeneous resistant cells are selectable on medium with a high drug concentration after a single passage, while the original heterogeneous phenotype reemerges by subsequent repeated culturing on drug-free medium. No association between heteroresistance and serotype was suggested since the phenomenon was observed in both serotype A (patient B) and D (patient A) isolates.
This phenomenon is different from the epigenic resistance recently described in Candida albicans (5, 17) . The cells of C. albicans isolates exposed to fluconazole became resistant to the drug within 15 to 20 days in vitro and 15 days in vivo. The resistance was unstable in both cases; the susceptible phenotype was restored in 100% of cells once the drug was removed from the growth medium (5, 17) . It is also different from the high variability in azole resistance observed between different subclones of single strains for Candida spp. (26) . Schoofs et al. (26) isolated strains of Candida glabrata, Candida kruzei, and C. albicans which were composed of subpopulations that were highly variable while growing in the presence of specific concentrations of itraconazole and fluconazole. Unlike our isolates, however, the variations in the relative growth phenotype were stable in subcultures regardless of the presence or absence of drugs in the culture medium. Furthermore, the passage of a clone through a medium containing fluconazole increased the proportion of the population that was resistant but did not select clones that consisted of homogeneously resistant cells.
The patterns of heteroresistance to fluconazole and voriconazole were similar for the isolates from both patients A and B. In contrast to the isolates from patient A, however, the isolate from patient B showed cross-resistance to itraconazole, suggesting differences in mechanisms of resistance. Unlike with fluconazole, no heterogeneous expression of resistance to itraconazole was observed for any of the isolates, and the drug inhibition level was clearly demarcated.
Voriconazole was described to be more active than fluconazole in blocking ergosterol synthesis in C. albicans (25) and more effective at inhibiting the growth of C. neoformans (20, 23) . In vitro tests with voriconazole against 566 clinical isolates of C. neoformans, MICs at which 90% of isolates are inhibited (MIC 90 s) were 0.12 to 0.25 g/ml, which indicates that it has a higher efficiency than fluconazole (MIC 90 s, 8 to 16 g/ml) (23). Growth of our isolates was similarly inhibited on Sabouraud agar supplemented with 64 g of fluconazole per ml and on Sabouraud agar supplemented with 1 g of voriconazole per ml, indicating cross-resistance between these two azoles. Voriconazole, however, was about 70-fold more active against our isolates than fluconazole in vitro at 30°C, and the fluconazoleresistant isolates showed no resistance to voriconazole at 37°C.
A heteroresistance pattern similar to that of our isolates has been reported for methicillin resistance in S. aureus (7, 27) . The methicillin-heteroresistant S. aureus strains produced cultures in which the MIC for most of the bacteria (99.9%) was about 5 g/ml, but isolates for which MICs were 250 g/ml or higher were also recovered at a low frequency (10 Ϫ6 to 10
Ϫ7
). The degree of heterogeneity and stability of the resistant clones was shown to be influenced by environmental factors such as temperature, osmolarity, pH, light, anaerobiosis, chelating agents, and metal ions (18) . Although the mechanisms for the intriguing features of methicillin heteroresistance in S. aureus are far from explained, complex genetic controls have been suggested (7-9, 15, 24, 34) . To date, several genes associated with methicillin resistance have been identified, and their molecular regulation is of research interest (7, 10, 16) . A plausible explanation for heteroresistance could be that all cells carry the genetic marker(s) for resistance, but phenotypic expression of such resistance occurs only in a very small fraction of the population (12) . Such an explanation may apply to our isolates of C. neoformans since all the subpopulations of the highly resistant clones tolerated high concentrations of the drug, their resistance was influenced by temperature, and their phenotypes could be reverted to the initial phenotype. Genetic mutations generally occur at a low frequency (10 Ϫ6 to 10 Ϫ8 / gene) and do not explain this type of heteroresistance. Moreover, the basal level of heterogeneity in our isolates appears to be stable and strain dependent, as is the case in methicillin resistance of S. aureus (12) .
